Abstract Mammalian carnivores are rarely considered for environmental reconstructions because they are extremely adaptable and their geographic range is usually large. However, the functional morphology of carnivore long bones can be indicative of locomotor behaviour as well as adaptation to specific kind of habitats. Here, different long bone ratios belonging to a subsample of extant large carnivores are used to infer palaeoecology of a comparative sample of Plio-Pleistocene fossils belonging to Italian paleo-communities. A multivariate long bone shape space reveals similarities between extant and fossil carnivores and multiple logistic regression models suggest that specific indices (the brachial and the Mt/F) can be applied to predict adaptations to grassland and tropical biomes. These functional indices exhibit also a phylogenetic signal to different degree. The brachial index is a significant predictor of adaptations to tropical biomes when phylogeny is taken into account, while Mt/F is not correlated anymore to habitat adaptations. However, the proportion of grassland-adapted carnivores in Italian paleo-communities exhibits a negative relationship with mean oxygen isotopic values, which are indicative of past climatic oscillations. As climate became more unstable during the Ice Ages, large carnivore guilds from the Italian peninsula were invaded by tropical/closed-adapted species. These species take advantage of the temperate forest cover that was more spread after 1.0 Ma than in the initial phase of the Quaternary (2.0 Ma) when the climate was more arid [Current Zoology 57 (3): 269-283, 2011].
Although members of Carnivora are literally defined by virtue of what they eat, they exhibit a great variability also in locomotor adaptations (Ewer, 1973; Taylor, 1989; Van Valkenburgh, 1987) . All the elements of the appendicular skeleton of carnivores are usually modified in order to maximise locomotor performance which can be remarkable if compared with that exhibited by other mammals (e.g., the cheetah Acinonyx jubatus can achieve the highest speed ever recorded among extant terrestrial mammals). Such intuitive relationship between bones and performance is reflected in the external morphology of the pelvis, of long bones and other appendicular elements like the scapula. It is also useful to infer locomotor behaviour in extinct species (Taylor, 1989; Van Valkenburgh, 1987; Munthe, 1989; Ginsburg, 1999; Argant, 2004; Antón et al., 2005) . Accordingly, Taylor (1989) categorised carnivores for their ability in running or climbing or digging. These categories are reflected also in long bone shape and dimension. The latter observation allows quantitative analyses, which, for carnivores, were firstly performed by Van Valkenburgh (1985 in her survey of extant and extinct large carnivore guilds. Her study reveals a complex relationship between the morphological variability of long bones shape and the environment occupied by both extant and extinct species.
Interestingly, several long bone length ratios of carnivores appear to be related with the running performance (e.g., maximum speed). In particular, metatarsal/femur length ratio (= Mt/F) has been intensively investigated because it can be applied also to the scatter record of extinct carnivores and their prey . Garland and Janis (1993) revealed that the relationship of such ratio with speed (in large mammals) is not an artefact of phylogenetic relatedness even if it results not in a straightforward line. Christiansen (1999) confirms that in both carnivores and ungulates Mt/F co-varies with speed but other long bone ratios can also be considered as even better descriptor of running performance (e.g., Olecranon/Radius length). Carrano (1999) also demonstrated that long bone indices are useful for determining locomotor habit in both mammals and dinosaurs. Cursorial species tend to exhibit longer metatarsal, more slender limb elements and shorter femora. Samuels and Van Valkenburgh (2008) recently con-firmed that long bone ratios are useful behavioural predictors also in rodents that exhibit a remarkable range of locomotion types. Clearly, the analysis of long bone proportions is a powerful analytical tool to explore locomotor adaptations in a wide range of vertebrates. However, they can be also interpreted to elucidate complex behaviours especially in mammalian carnivores. For instance, Lewis (1997) extended the analysis of long bone indices to clarify ecological adaptations of African Plio-Pleistocene carnivores. She evidenced a difference in eco-morphology between extant African carnivores and Plio-Pleistocene species. The extinct sabertooth cats (Homotherium, Megantereon and Dinofelis) were prey grapplers. The African Plio-Pleistocene Canis spp. were more adapted to omnivory and to cursoriality. Similarly, Meachen-Samuels and Van Valkenburgh (2009) analysed different ratios from forelimb elements to predict prey size range in extant felids. The study clearly shows that forelimb long bone proportions are better predictors of prey size rather than locomotion. Felids adapted to kill large prey exhibit more robust humerus and radius at the midshaft and distal epiphyses. Nonetheless, felids represent a special case in Carnivora because they are homogenously adapted to hunt vertebrates. This condition rarely applies to different families of Carnivora where species tend to exhibit a wider range of feeding adaptations (from insectivory to herbivory, Gittleman, 1985; Meiri et al. 2005) .
Here, I present a survey of long bone indices in a subset of both extant and fossil species in order to elucidate eco-morphology of Italian Plio-Pleistocene large carnivore guilds. I focus on the implication of reconstructing locomotor behaviour for palaecological reconstructions and, in particular, environmental ones. As Lewis (1997) pointed out, some indices like the brachial (radius/humerus length), can be useful to describe the adaptation of a large carnivore for particular habitats (closed, mixed, open savannah) . This relationship will be empirically tested in order to define for each fossil carnivore particular preference for certain biomes. Phylogenetic relatedness among species will also be taken into account to validate the statistical models based on the interspecific dataset of extant Carnivora (Garland et al., 2005) . Closely related species tend to resemble each other in several morphological as well as behavioural traits because of their shared evolutionary history (Blomberg et al., 2003) . For this reason, comparative methods are necessary to apply when interspecific data are explored for palaeoecological interpretations.
Materials and Methods

Long bones indices
Twenty two extant species of large carnivores belonging to families Canidae, Felidae, Hyaenidae and Ursidae were considered in order to reconstruct locomotor behaviour in extinct Italian Plio-Pleistocene large carnivores. Polly (2010) recently demonstrated that eco-morphology of carnivore communities can be used for environmental reconstruction. Mean calcaneal gear ratio of extant carnivore communities correlates with several environmental parameters such as precipitation or temperature at large geographical scale (all North America). This approach is very promising but it assumes that all members of a carnivore community are represented in a fossil site. This condition is quite rare because of taphonomic bias favouring preservation of large taxa (Damuth, 1982) . Consequently, I restrict my analyses to large taxa (defined as species bigger than 7 kg) whose fossil record has been extensively investigated for the Italian peninsula (Raia et al., 2005 (Raia et al., , 2006a (Raia et al., , b, 2007 Meloro et al., 2007 Meloro et al., , 2008 .
For each extant species humerus, radius, femur and tibia length (L in cm) measurements were extracted from the literature ) and combined into the brachial index (BI = radius/humerus length cf. Lewis, 1997) and the tibia/femur index (T/F= tibia/femur length).
Data in and Christiansen (2002) were reviewed to extract for each species metatarsal/femur ratio (Mt/F = metatarsal/femur length). Taken overall, three variables were considered for each extant large carnivore: BI, T/F, Mt/F (see Appendix 1). Even if the number of indices is quite limited, they are broadly representative of long bone functional morphology (Carrano, 1999) and they were selected to create a consistent comparative dataset for the fossil data, which are inevitably fragmentary (see next section).
Fossil sample
For extinct Plio-Pleistocene taxa, the latter variables were computed combining measurements directly taken from museum collections or after an extensive review of the Italian and European literature on each fossil large carnivore (Appendix 2). As the fossils are usually incomplete and scattered in space, several long bone indices were obtained combining long bone lengths from different localities. When possible, multiple long bone measurements from the same locality were combined by computing their mean as representative of the species mean value. In most cases, it was possible to use linear measurements of specimens from Italian localities. Among caniforms only Italian specimens were used to estimate indices in: Canis etruscus, Canis arnensis, Lycaon falconeri, Ursus spelaeus and Ursus arctos while for feliforms only in Lynx issiodorensis and in the Pleistocene European lynx Lynx lynx.
Among extinct species, I included also European Galerian canids C. mosbachensis and C. aff. arnensis from L'Escale for which linear measurements were available (Appendix 2). It was not possible to obtain linear measurements of Pliocrocuta perrieri and the Pleistocene leopard Panthera pardus for which Del Campana (1947) reported the same variability as in extant leopards. It is worth mentioning that for most Plio-Pleistocene species only fragments of some long bones exist. In this case, the maximum length was estimated from medio-lateral or antero-posterior diameter by using regression equations (at family level) with the highest "r" value reported in Bertram and Biewener (1990) . Although this approach is not ideal, it allows reconstructing long bones length for several species: C. arnensis, L. falconeri, A. pardinensis, L. spelaeus, M. cultridens and P. gombaszoegensis (see Appendix). When no diameter was available, long bone length was estimated by applying regression equations relative to another element (of the same limb anterior or posterior) for which allometric scaling can be evidenced at family level (data Bertram and Biewener 1990, Appendix 3) . This was the only way to estimate the radius length in A. pardinensis (from humerus length), the femur length in L. falconeri, Lynx spelaeus, Chasmaporthetes lunensis and the tibia in C. arnensis. Taken overall on 20 extinct species analysed, 35% have at least one length's element reconstructed from another element of the same limb.
For Chasmaporthetes lunensis long bone linear measurements were available only for the tibia (from Mt. Perrier) and the III metacarpal (from Layna) (in Kurtén and Werdelin, 1988) . The length of other elements was estimated by considering long bone measurements of both Chasmaporthetes borissiaki and Chasmaporthetes ossifragus . Although Kurtén and Werdelin (1988) reported some differences in length proportions of Chasmaporhetes spp. it is, here, assumed that such differences are minimal when compared to interspecific variability.
This approach allows obtaining estimates of the three long bone indices which are useful to describe the locomotor behaviour of extinct taxa (Appendix 3). Each case will be considered with caution in the interpretation of the results bearing in mind that for some species several long bone estimates can be inaccurate.
Multivariate analyses
Species are analysed in a multivariate eco-morphological space (cf. Van Valkenburgh, 1985; Lewis, 1997) in order to obtain better information on their general long bone proportion. A Principal Component Analysis (PCA, Blackith and Reyment, 1971 ) was applied to identify the possible interrelationship between the indices in a sample of 22 extant and 20 extinct large carnivores. The Principal Component vectors were extracted using a correlation matrix that allows to maximize the variance of the indices analysed. The three-dimensional morphospace was interpreted in order to infer locomotor behaviour of extinct Plio-Pleistocene carnivores. An UPGMA clustering was also applied to the Euclidean dissimilarity matrix extracted by considering the three indices simultaneously (cf. Lewis, 1997) .
Habitat and climate variables
In order to validate the possible relationship between locomotor behaviour and habitat, each extant large carnivore (n = 22) was assigned to a habitat value according to . identified the presence of mammalian carnivores into broad biome categories: temperate forest, tropical forest, grassland, arctic, riparian and desert. These categories are not mutually exclusive so that species such as the grey wolf are considered adapted to arctic, temperate forest, grassland and desert as well. Consequently, for each habitat category (e.g., arctic) a score of 0.0 was assigned as indicative of "not adapted" while 1.0 as "adapted".
Separate logistic regression models (with forward Wald option) were performed by considering all studied indices (BI, T/F, Mt/F) as potential predictors of the dependent variable (0.0 = not adapted, 1.0 = adapted), in order to predict adaptations to each of the six habitat categories. The Wald option allows considering a stepwise approach where covariates are singularly added to the model step by step if the Wald statistic corresponds to a probability value smaller than 1.0. If the Wald probability is bigger than 0.10, variables are not included in the model (Hair et al., 1998) and the stepwise procedure stops.
To assess the accuracy of the logistic regression model, the Hosmer-Lemeshow goodness-of-fit statistic was considered. This goodness-of-fit statistic is a robust approach for small sample size (Hair et al., 1998) and it is based on grouping cases into deciles of risk and comparing the observed probability with the expected probability within each deciles. A chi square distribution is used for such comparison. If the associated probability value is not significant, then the model is stable and shows a good fit.
These models allow obtaining prediction of the possible habitat adaptations in fossil Plio-Pleistocene carnivores by their long bone proportions. The latter palaeoecological reconstruction of large carnivores will be discussed on the light of the climate changes raised by Italian Plio-Pleistocene Paleo-Communities (PCOM) spanning in time from 3.2 until 0.8 Ma (PCOMs, Raia et al.，2005, 2006a Raia et al.，2005, , 2006b Raia et al.，2005, , 2007 Meloro et al., 2007 Meloro et al., , 2008 . For each PCOM a proportion of large carnivores adapted to particular habitats (e.g., 50% of tropic adapted and 50% of Grassland adapted) was assessed.
Oxygen 18 isotopic values drawn from Kroon et al. (1998) , site 967 which exhibited a continuous record from 3.2 Ma, were then considered as a proxy for climate in each PCOM interval (cf. Raia et al., 2005; Meloro et al., 2008) . A total of 441 records were considered spanning 3.2 -0.8 Ma. For each time bin of each PCOM mean of Oxygen 18 values were computed. The latter value is indicative of major climate shifts from warm to cold conditions that could be correlated with the relative proportion of carnivores adapted to particular habitats.
Model validation
The association between functional long bone indices and habitat adaptation could be the result of shared evolutionary history in Carnivora. Blomberg et al. (2003) evidenced a strong phylogenetic signal in Mt/F for the dataset of Carnivora and Ungulata. For this reason, I first present the test of Blomberg et al. (2003) for the selected functional indices using the phylogeny of Bininda-Emonds et al. (1999) . The K statistic (which is a measure of the strength of phylogenetic signal) is computed for all the long bone indices and a randomisation test is presented to assess statistical significance (Blomberg et al., 2003) . The Bininda-Emonds et al. (1999) supertree was manipulated with Mesquite vs. 1.1 (Maddison and Maddison, 2009 ) in order to select only the 22 extant taxa used for this analyses. This supertree was favoured among others, because the branch lengths are expressed as time of divergence after a robust calibration with the fossil record.
Phylogenetic Generalised Least Square (PGLS, Rohlf, 2001 Rohlf, , 2006a ) is applied to test for the significant association between the long bone functional indices selected by the logistic regression models and habitat categorisation. This model includes phylogeny as an error term in the former equation: Y = bX + ε where (in this case) Y is the habitat categorisation, X is the long bone index and the error term ε is quantified by the phylogenetic covariance matrix computed directly from the phylogenetic tree. The phylogenetic signal was assessed using the module Physig for Matlab (Blomberg et al., 2003) while PGLS analyses were performed with NTSYS vr 2.2 (Rohlf, 2006b ).
Results
Locomotor behaviour
Three Principal Component axes define a morphospace of 22 extant large carnivores and 20 fossil forms. The first two axes explain together more than 95% of the total variance (Table 1) . They are informative of the intra family variation of locomotory features (Fig. 1) , with which they are strongly associated: the first axis is positively associated with the hind limb ratios (both T/F and Mt/F that are highly interrelated r = 0.836) while the second is strongly influenced by the brachial index that shows no significant correlation with the other indices (Table 1) . The third axis is loaded by the Mt/F while the other indices contribute only to a very low degree to the variance explained.
The three dimensional plot clearly shows a separation in between families, that occupy very distinct areas of the morphospace (Fig. 1) . Indeed, families are significantly different when PC scores are used as dependent variables (MANOVA Wilk's Lambda = 0.091, F 9.0, 87.77 = 16.405, P < 0.0001).
Interestingly, several fossil taxa show functional association with extant species independently of phylogeny. For instance, Homotherium crenatidens clusters with extant hyenas while Pachycrocuta brevirostris is much closer to the polar bear than to the other hyenas.
Exceptions exist also in extant taxa with the cheetah clearly clustering with several canids (Fig. 1) . In this 
Fig. 1 Scatter plot of three Principal Component axes extracted from three long bone indices
The position of some fossil taxa is highlighted by labelling.
plot, taxa occupy the morphospace so that canids clearly show higher values of Mt/F and T/F as an adaptation to cursorial and strictly terrestrial locomotion, while at the opposite side bears and hyenas exhibit lower T/F values. PC2 shows taxa with small brachial index (short radius relative to the humerus) occupying low scores (e.g., the extant tiger, the leopard), while at the opposite side species with a more balanced forelimb (radius and humerus with the same proportion) such as the long legged maned wolf Chrysocyon brachyurus and the striped hyena Hyaena hyaena.
The PC3 explains only a small portion of variance (3%) and it adds a limited amount of information relative to the magnitude of Mt/F and BI with species at its opposite extremities tending to exhibit lower (or higher) Mt/F relative to their BI (e.g., the fossil Panthera gombaszoegensis negative score or Lycaon falconeri, positive score).
If PCA scatter plot is informative of both phylogenetic and functional influences on long bone indices variability, UPGMA confirms this observation and allows interpreting species clustering in a more consistent way (Fig. 2) . Both extant and fossil bears form a well-defined cluster that is close to some large felids (the lion, the tiger, the jaguar but also Megantereon and the puma) and fossil giant hyenas. These taxa are more generalists prey grapplers (all exhibit a low Mt/F values) contrary to the cheetah, the wolf, the golden jackal Canis aureus but also Lynx lynx, fossil dogs and Lycaon pictus which are cursorial (upper side of the tree, Fig. 2) . Interestingly, the extinct long legged Chasmaporthetes clusters with extant hyenas that are closed to the fossil lion and lynx Lynx spelaeus but also Homotherium. These forms show a shorter tibia relative to the femur. In the other cluster both extant and fossil dogs are associated with medium sized cats like the serval, the lynx but also the leopard and several fossil species. Some clusters are consistent with taxonomic similarities such as the group of Canis latrans and Canis aff. arnensis but also the association of all Plio-Pleistocene fossil Canis spp.
Clearly, this cophenetic tree shows a mix of both taxonomic and functional signals that are not always consistent because the cophenetic correlation value is not indicative of a high fit (r = 0.735).
Habitat adaptations
Several logistic models were considered to predict habitat preference in extinct species from long bone indices. The presence/absence of large carnivores in temperate habitats cannot be predicted because no long bone indices enter in a logistic regression model.
On the other hand, BI is the only variable in a model computed to predict adaptation for tropical environments (Hosmer and Lemeshow at first step: χ 2 = 0.885, df = 8; P = 0.999) ( Table 2 ). In this case, 95% of species not present in tropics are well predicted while 75% of (Table 2) which is able to classify adaptation (score 1.0) at 100%, but non-adaptation at a lower rate (75%). Adaptations to the other biomes as described in cannot be predicted by any of the other logistic regression models, which are always non-significant. Hence, long bone indices of large carnivores cannot be used to predict their adaptation to extreme environments like the arctic or desert but even the riparian ones. The significant logistic models allow making some predictions on extinct Plio-Pleistocene forms. Some are reliable while others need to be considered with caution (Table 3 ). For instance, most canids are predicted as grassland specialist even if the result for L. falconeri is (Kurtén, 1968) , respectively. Consequently, the habitat preference was scored accordingly with the data available for the latter extant species in .
Test for phylogenetic inheritance
The phylogenetic signal is always present and statistically significant in the functional indices considered (Table 4 ). The T/F exhibits the highest K while the brachial index the lowest. PGLS model supports the strong association between BI and adaptation to tropical biome in the selected extant Carnivora (b = −1.945, r 2 = 0.209, Fs = 5.283, df = 1, 20, P = 0.032) thus validating the logistic regression model. On the other hand, Mt/F is not associated to grassland adaptation when phylogeny is taken into account (b = 1.746, r 2 = 0.161, Fs = 3.829, df = 1, 20, P = 0.064).
Carnivore guilds and climate
The proportion of grassland or tropical carnivores in each PCOM is significantly associated to Quaternary climatic proxies (mean δ 18 O). Interestingly and counter 
Discussion
Like feeding apparatus, locomotor appendices of large carnivores describe the dichotomy between functional morphology and phylogenetic constraint. The survey performed on long bone indices variability of both extant and Plio-Pleistocene carnivores clearly shows that morphological convergence is a rare (but possible) event in the recent evolutionary history of the group (Van Valkenburgh, 1985 , 2007 . Such convergence occurs in long bone proportion between the grey wolf and the cheetah or the spotted hyena and the fossil sabertooth Homotherium. Clearly, the long bone indices describe phylogenetic resemblance so that distinct families occupy separate portion of the functional morphospace (Fig. 1) . This pattern is consistent with previous observations as in Jones (2003) . She analysed several long bone ratios in both placental and marsupial carnivores evidencing similarities more at family level than by virtue of locomotor adaptation. Not surprisingly, all the analysed functional indices exhibit a phylogenetic signal even if the brachial index has a very low K. This, in turn reflects its stronger functional signal (Lewis, 1997) which is supported after phylogeny is taken into account. On the other hand, the T/F has the highest phylogenetic signal suggesting that it is strongly inherited in large Carnivora. For this reason, it is not a good predictor of habitat adaptations. The lack of association between Mt/F and grassland adaptation after PGLS probably reflects the better association of this index with cursorial performance in Carnivora (Garland and Janis, 1993) .
When all indices are considered simultaneously, a mix of phylogenetic and functional similarities occur between certain specific taxa (Fig. 2) . For this reason, the results obtained for Plio-Pleistocene carnivores needs to be interpreted case wise.
Among canids, most of the analysed extinct species possess only a few complete long bone specimens. In spite of the approximation in computing several indices, the long bone shape variability of extinct species is concordant with that exhibited by extant dogs. It is not useful to define if one species was faster than another by virtue of its long bone proportion but what emerged is the relatively lack of peculiar morphologies among Plio-Pleistocene dogs. Canis etruscus and Canis arnensis cluster within a large group including the extant golden jackal (Canis aureus) but also medium sized lynx, as well as the maned wolf supporting the idea that their morphological variability was similar -but not entirely the same-to extant canids (Del Campana, 1913; Torre, 1967) . Interestingly, the Galerian dog from Untermassfield clusters with Canis etruscus and the Pleistocene wolf. This cluster possibly reflects phylogenetic similarities. Indeed, Rook and Torre (1996a, b) suggested the possibility of a single lineage with Canis etruscus being the ancestor of Canis mosbachensis and the latter the ancestor of the grey wolf. On the other hand, the extant grey wolf does not cluster with the Pleistocene form suggesting a possible morphological change through time. Lycaon falconeri does not converge in long bone proportion with its extant counterpart Lycaon pictus leaving open the question about the running adaptation of this extinct dog. The lack of the first metacarpal digit supports the adaptation of Lycaon falconeri to a cursorial lifestyle (Rook, 1994) , but more long bone data are necessary to validate such observation. In fact, it could also be possible that the latter morphological character is not a case of functional convergence but it is due to its phylogenetic relationship with the extant Lycaon pictus (Martinez-Navarro and Rook, 2003) . Clearly all Plio-Pleistocene dogs were more cursorial than extant and fossil large cats or bears. Within this cursorial group, it is possible to include (as expected) also the extant hyenas together with Chasmaporthetes. The indices obtained for the latter species are estimates but they are based on C. borrissiaki and C. ossifragus which should be less long legged than European C. lunensis (Kurtén and Werdelin, 1988) .
On the other hand, the giant Pachycrocuta brevirostris but also the cave hyena (C. crocuta of the Pleistocene) appears to be similar to the extant big cats in long bone proportion. This fact is partially confirmed by palaecological description of . Accordingly, the tibia of P. brevirostris is shorter than that of extant and other Plio-Pleistocene hyenas suggesting a greater mechanical advantage in the hindlimb. Relative shortening is exhibited also by the radius. The similarity between P. brevirostris, the cave hyena and big cats could possibly be the result of their similarity in mean body mass (127 kg and 102 kg respectively, data in Meloro et al., 2007) .
Different observations emerge in the long bone proportions of extinct and modern large cats. The Pleistocene lion from Equi (measurements taken in Del Campana, 1947 ) is remarkably similar to the sabertooth tooth Homotherium crenatidens. This fact probably reflects similarity in body mass but also peculiar functional convergence imposed by the emphasized cursoriality in H. crenatidens as compared to the other modern felids (see Turner and Antón, 1997; Antón et al., 2005) . On the other hand, the relatively long legs of the Pleistocene lion could be an adaptation to hunt in the severe snow conditions of the coldest glacial periods. There are also implications for the hunting behaviour of both species: H. crenatidens was adapted to hunting very large prey (Lewis, 1997; Turner and Antón, 1997; Antón et al., 2005) , and probably also the Pleistocene lion shows such adaptation. It is likely that the European Pleistocene lion hunted species much heavier than modern African ungulates. The results obtained for the dirk tooth Megantereon confirm its adaptation as a stalker hunter of closed forests (Turner and Antón, 1997) like the modern puma. Panthera gombaszoegensis is, here, considered more cursorial than expected for a jaguar-like large cat (cf. Figs.1, 2) but this result needs to be considered with caution because complete long bones are scanty in the fossil record. Similarly, Acinonyx pardinensis was certainly a cursorial adapted carnivore but it clusters with the racoon dog Nyctereutes procyonoides and the leopard. They share a small brachial index (short radius relative to the humerus) that for A. pardinensis was inferred on the basis of fragmentary materials. Consequently, it is difficult to deduce if A. pardinensis was faster than the extant cheetah, but this analysis does not support such hypothesis: it is plausible that A. pardinensis was a sprinter (Turner and Antón, 1997) but, because of its large body mass, its agility and speed was probably not as extreme as in A. jubatus. Lynxes are not so enigmatic in clustering with medium-sized canids, but it is possible to note the relatively shorter forelimb proportions of Lynx issiodorensis from Olivola if compared to extant lynxes and the serval (Figs. 1, 2 ). This fact confirms the observations of Kurtén (1980) and Werdelin (1981) and such a feature could be the consequence of two different factors. Firstly, Lynx issiodorensis was less specialised than extant lynxes in hunting in different conditions (from the American deserts to the snowy mountains of Carpathians) and as a typical Villafranchian taxon, was probably specialised in woody habitats (to escape competition with cursorial canids). Secondly, Lynx issiodorensis was probably more adapted to hunting medium-sized ungu-lates rather than lagomorphs. Medium-sized ungulates generally represent an important source of food for extant lynxes (Tumlison, 1987; Nowell and Jackson, 1996) and the fact that lynxes are lagomorph specialists is considered a "misconception" (Nowell and Jackson, 1996) . For instance, Eurasian lynx Lynx lynx kills large prey fairly regularly, and although the Spanish lynx Lynx pardinus kills mostly water fowl and lagomorphs now, this was not the case historically before habitat destruction (Gil-Sánchez et al., 2006) . Because of this, it is likely that the Plio-Pleistocene lynxes were well adapted in hunting small-medium sized ungulates, with Lynx issiodorensis being more specialised in large prey.
In extinct bears, it is possible to note again a pattern of long bone variability driven by phylogenetic relationships (Mazza and Rustioni, 1994) . The lineage of brown bear is defined by U. minimus -U. etruscus group which are also similar in long bone proportions. On the other hand, U. spelaeus clusters with the polar bear, suggesting that its limb proportions reflected a particular adaptation to very cold climates.
This species by species approach revealed useful in defining locomotor behaviour of extinct large carnivores but, most interestingly, long bone indices are also indicative to define general patterns of association between carnivores and habitat adaptations. Lewis (1997) already mentioned and utilised the brachial index as an indicator of adaptability to open, mixed or closed habitats. But it is important to note that the logistic regression models presented here are statistically more robust. Such a relationship is complex because carnivores are not habitat specialists like ungulates or rodents. Large carnivores have large home ranges and their habitat selection depends on prey availability but also on the densities of other competitors (Gittleman, 1985; Carbone and Gittleman, 2002; Woodroffe and Ginsberg, 2005) . Consequently, several species morphologically welladapted to particular habitats may select sub-optimal habitats by virtue of external environmental factors. For instance, the African wild dog is a large carnivore adapted to cursoriality and it is supposed to be a grassland species (as in . But recent studies demonstrated that Lycaon pictus selects deciduous woodlands more than expected (Creel and Creel, 2002) . This is just one case that is considered to have ecological explanations (avoiding competition with lions and hyenas) but most other large carnivores are usually constrained in sub-optimal habitat because of habitat fragmentation due to human activity.
On the other hand, the results obtained for extinct carnivores appear to be plausible at least if we consider valid the adaptation to grassland biome. (Suc et al., 1995; Fauquette et al., 1999; Ghinassi et al., 2004) . Instead, Galerian (1.0 Ma) and Aurelian (0.3 Ma) are characterised by the alternation of cold / temperate phases which result in the spread of montane-subalpine forests (Malatesta, 1985) . Torre et al. (1992) already mentioned a structural change in Plio-Pleistocene large mammal fauna of Italian peninsula directly related to climate oscillations. Results presented here validate previous observations on the spread of large carnivores in Italy with cursorial grassland-adapted canids being favoured during the Villafranchian (which characterises also the Wolf event) while pantherine cats and modern taxa of temperate habitat (e.g., wolf, brown bear) spread in the colder Pleistocene phases. Mt/F = metatarsus length/femur length; BI = Brachial Index that is Radius length/Humerus length; T/F = Tibia length/ Femur length. Data source Bertram and Biewener (1990) ; Wilhem 1993, Christiansen (2002) . Adaptations to tropical or grassland environments as in : 0.0 = Non adapted; 1.0 = adapted. Mt/F = metatarsus length/femur length; BI = Brachial Index that is Radius length/Humerus length; T/F = Tibia length/ Femur length; Humerus = H; Femur = F; Radius = R; Mt = III Metatarsus.
